Microbial safety is an essential prerequisite of cosmetics, and preservatives are required to prevent product spoilage and damage to consumers' health. Consumer concern about the safety of some cosmetic ingredients and the increasing demand for more natural beauty products has driven cosmetic industries and formulators to find natural alternatives to replace synthetic preservatives currently used. In this study, methylglyoxal (MGO, the main factor responsible for the antimicrobial activity of manuka honey) was tested for antimicrobial activity against a panel of selected bacteria and mycetes by using conventional microbiological techniques (determination of M.I.C., time-kill assay), and its potential preservative in an O/W emulsion was investigated (challenge test). MGO showed a remarkable and fast antibacterial activity (M.I.C. values 0.150-0.310 mg/mL), while the inhibitory activity against fungi was less marked (M.I.C. values 1.25-10 mg/mL); chitosan has proven to be a synergist of antimicrobial effectiveness of MGO. Results of the challenge test showed that the addition of MGO to a cream formulation was efficient against microbial contamination. On the basis of our results, MGO appears to be a good candidate as a cosmetic preservative of natural origin; further studies are needed to confirm its applicability and its safety.
Introduction
Microbial contamination and growth can occur in cosmetics and personal care products during the manufacture, storage, and particularly during the period of use [1] . Multiplication of microorganisms may cause spoilage of cosmetic formulations, but can also constitute a threat to consumer health, especially when cosmetics are intended for use in areas of particular concern or when they are used by young children or immunocompromised subjects. Therefore, preservatives that are able to prevent microorganisms from growing play a crucial role, particularly in formulations containing water. In the European Union, only preservatives listed in Annex V of Regulation (EC) [2] can be used in cosmetics and personal care products. Unfortunately, exposure to some of these substances can produce undesirable effects, such as skin irritation and sensitization [3] , and some of them are recognised as potential endocrine disruptors [4] . Moreover, a hypothetical connection between cosmetic preservatives-namely parabens-and breast cancer was recently suggested [5, 6] , although this link has been denied in a relatively recent review of literature [7] . These concerns and the rising consumer demand for more natural cosmetics are driving the cosmetic industry to find natural, safer alternatives to synthetic preservatives. In that context, a number of botanical extracts and essential oils have been tested in vitro as potential cosmetic preservatives, sometimes with promising results [8] [9] [10] [11] . As part of the research about potential natural preservatives, a recent study [12] investigated the preservative efficacy of manuka honey, a New Zealand honey well known for its pronounced antimicrobial activity also against clinical multi-resistant isolates [13] [14] [15] , in an O/W emulsion. Manuka honey was proven to be more effective than methylparaben against Pseudomonas aeruginosa and showed the same efficacy of this synthetic compound against Escherichia coli; however, it did not reveal inhibitory activity against fungal contamination [12] . Methylglyoxal (MGO), a 1,2-dicarbonyl compound present in manuka honey in exceptionally high levels (38-761 mg/kg), is the main factor responsible for its bactericidal activity [16, 17] ; however, neutralization of MGO reduced but did not completely eliminate antibacterial activity, which proves the presence in manuka honey of other antibacterial factors [18] . The aim of the present investigation was to evaluate the potential of MGO as an alternative natural preservative intended for cosmetics and personal care products, by using conventional microbiological techniques (M.I.C. and M.B.C. evaluation, time-kill test, challenge test). Moreover, it is well known that a combination of preservatives is often a good solution to improve the efficacy of a preserving system and to reduce the side effects associated with the individual substances; in accordance with these considerations, we also investigated an eventual synergistic interaction between MGO and chitosan, a biopolymer obtained by partial deacetylation of chitin that possesses, among others, interesting antimicrobial properties [19] .
Materials and Methods

Materials
Methylglyoxal (MGO) solution (40% w/vol in water) was supplied by Sigma Aldrich; before each experiment, it was diluted tenfold in sterile, distilled, MilliQ water, and the resulting solution (4%) was sterilized by filtration using sterile membrane filters (Sartorius, pore size 0.22 µm). Chitosan (molecular weight 190-310 kDa; deacetylation degree 75-85%; viscosity Brookfield, 1% solution in acetic acid 200-800 cps; manufacturer values) was supplied by Aldrich (Milwaukee, WI). Its aqueous solution was prepared by dissolving chitosan in hydrochloric acid 0.1 M at 1% w/vol and by evaporating the resulting solution to dryness in a Rotavapor R110 (Buchi, Flawil, Switzerland) at 70 • C under vacuum; the residue was then re-dissolved in 100 mL of Milli-Q water and sterilised by filtration through 0.22 µm Sartorious filters. The pH of this solution, evaluated with a pH meter Hanna 8417, was 2.35.
The test organisms used in this study were as follows: Escherichia coli (ATCC 8739), Staphylococcus aureus (ATCC 6538), Pseudomonas aeruginosa (ATCC 9027), Streptococcus mutans (ATCC 35668), Candida albicans (ATCC 10231), Rhodotorula mucilaginosa (ATCC 66034), Aspergillus brasiliensis (niger) (ATCC 16404) and Geotrichum candidum (ATCC 34614) (all purchased from Oxoid-Thermofisher Scientific, Rodano, Italy), and three Candida spp. clinical strains (respectively isolated from a vaginal, rectal, and pharyngeal swab, kindly supplied by Dr. M. Tidore, Laboratory of Clinical and Microbiological Analysis of Policlinic Hospital of Sassari, Italy). Mueller Hinton Agar (MHA), Mueller Hinton Broth (MHB), Sabouraud Liquid Medium (SLM), Sabouraud Dextrose Agar (SDA), Peptone Water (PW), Blood Agar Base n • 2, sterile defibrinated horse blood, and phosphate-buffered saline tablets (PBS, Dulbecco A, pH 7.3) were purchased from Oxoid-Thermofisher Scientific (Rodano, Italy). Culture media, PBS, and other solutions were prepared with MilliQ water.
Antibacterial Activity of MGO
The antibacterial activity of MGO was determined as Minimum Inhibitory Concentration (M.I.C.) by using a broth microdilution test performed in 96-well microplates [20] . Twofold dilutions of the 4% solution of MGO, ranging from 1% to 0.007%, were prepared in MHB; control wells contained only liquid medium. All assays were performed at least in triplicate. Microplates were inoculated with about 1 × 10 4 bacteria/well and aerobically incubated at 35 • C for 24 h. After incubation, plates were visually checked for bacterial growth, and the M.I.C. of MGO was defined as the lowest concentration at which no growth was observed. To determine the M.B.C. (Minimum Bactericidal Concentration), aliquots of 2 µL of medium from each well with no visible growth were subcultured onto MHA plates (or blood agar 5% for Streptococcus mutans), which were then incubated at 35 • C for 24 h; M.B.C. was defined as the lowest concentration at which no growth was detectable. Results are reported in Table 1 .
Antifungal Activity of MGO
The antifungal activity of MGO was assessed on Candida albicans, Rhodotorula mucilaginosa, Geotrichum candidum, and Aspergillus brasiliensis standard strains and on Candida spp. clinical isolates. Fungi were grown on SDA plates at 35 • C (Candida and Rhodotorula) or 25 • C (other fungi), and stock cultures were maintained at 4 • C during all the experiments. M.I.C.s of MGO for Candida and Rhodotorula strains were determined by using the same broth microdilution assay described in the previous paragraph; twofold dilutions of the 4% solution of MGO, ranging from 1% to 0.007%, were prepared in SLM. All assays were performed at least in triplicate. Microplates were inoculated with about 1 × 10 4 yeasts/well and aerobically incubated at 35 • C for 24 h. After incubation, plates were visually checked for fungal growth, and the M.I.C. of MGO was defined as the lowest concentration at which no growth was observed. To determine the M.F.C. (Minimum Fungicidal Concentration), aliquots of 2 µL of medium from each well with no visible growth were subcultured onto SDA plates, which were then incubated at 35 • C for 24 h; M.F.C. was defined as the lowest concentration at which no growth was detectable. Results are reported in Table 1 .
M.I.C.s and M.F.C.s of MGO against Aspergillus brasiliensis and Geotrichum candidum were determined using an agar macrodilution method [21] . Twofold serial dilutions of MGO in SDA were made in 5 mm Petri dishes (final volume 10 mL) in order to obtain final concentrations of 2 mg/mL, 1 mg/mL, 0.5 mg/mL, and 0.25 mg/mL. The experiments were all performed in triplicate. Control plates containing only SDA were run simultaneously. The agar surface of the plates was then inoculated into the center with 1-3 µL of a conidial or yeast cell suspension prepared in sterile distilled water +0.05% Tween-80, containing 10 3 -10 4 conidia/cells. Plates, wrapped with Parafilm to maintain the correct water activity in the medium, were inverted and incubated at room temperature (about 25 • C). Five days later, plates were visually checked for fungal growth; results are reported in Table 1 .
Killing Time Test
The antimicrobial activity of MGO was also characterized by a "killing time" assay performed on Escherichia coli ATCC 8739, Staphylococcus aureus ATCC 6538, and C. albicans ATCC 10231; this test evaluates the reduction of viable microorganism count when a standardized inoculum is incubated with different MGO concentrations in a liquid medium that does not support cell growth. The assay was performed in agreement with Juliano et al. [22] . Microorganisms in the logarithmic phase of growth were centrifuged at 1500 rpm for 10 min, washed in PBS, and then re-suspended at a density of 5 × 10 5 -1 × 10 6 colony-forming units (cfu)/mL in appropriate volumes of PBS containing a suitable concentration of MGO (equal or greater than M.B.C.). Control tubes (microorganisms suspended in PBS) were included in each assay. Test tubes were incubated at 35 • C. At time zero and at predetermined intervals (30, 60, and 120 min), 0.5 mL of the suspensions were removed and subjected to serial tenfold dilutions in PBS; aliquots of 0.5 mL of the appropriate dilutions were thoroughly mixed in Petri plates (50 mm diameter) with molten SDA or MHA (45 • C). Plates were then incubated for 24 h at 35 • C; after this time, the number of viable microorganisms at each time was evaluated by counting plates with 30-300 colonies.
Challenge Test
A challenge test consists of inoculating selected microorganisms (bacteria, fungi) individually into a formulation and determining the log reduction of viable counts at prescribed time intervals in order to evaluate the effectiveness of an antimicrobial preservative. In this investigation, several preliminary challenge tests were performed according to European Pharmacopoeia [23] . The formulation challenged in our experiments was an O/W emulgel composed of 87% (w/w) distilled sterile water, 10% sweet almond oil, and 3% Sepigel 305 (Farmalabor, Canosa di Puglia, Italy) as an emulsifier.
To obtain the emulgel, Sepigel 305 was dispersed in water at room temperature, and the oil phase was incorporated in the resulting suspension under mechanical agitation; the result was an emulsion of creamy, gel-like consistency. Samples of emulgel of 50 g were directly prepared in the final containers. Formulations (with suitable MGO concentrations and without MGO as control) were contaminated with 10 5 -10 6 microorganisms/g. Immediately after inoculation, 1 g of each sample was transferred under sterile conditions in a beaker with a magnetic stirring bar, brought to 10 mL with PW, and thoroughly mixed at room temperature on a magnetic stirrer. Finally, tenfold dilutions of the resulting suspension were prepared in saline and spread on plates of appropriate solid media (MHA for bacteria, SDA for mycetes); plates were incubated at 37 • C, and the number of colony-forming units (cfu) was evaluated in each plate after 24 h. After the first count (zero time count), inoculated formulations were maintained at 25 • C and subjected to the same enumeration of viable microorganisms at time intervals of 24 h, 7, 14, and 28 days. The evaluation of antimicrobial activity was expressed in terms of the log reduction in the number of viable microorganisms compared to the initial inoculum.
Enhancement by Chitosan
The inhibitory activity of chitosan solution against Ps. aeruginosa, E. coli, and C. albicans strains was previously evaluated as M.I.C. and M.B.C./M.F.C. by using the techniques described in the Sections 2.2 and 2.3. Chitosan solution was tested at twofold serial dilutions ranging from 2 to 0.0039 mg/mL in MHB or SLM (pH value of these did not change after the addition of chitosan solution; data not shown). Afterwards, M.I.C. and M.B.C./M.F.C. of MGO were evaluated as previously described in the presence of concentrations of chitosan equal to one-half and one-quarter of its M.I.C. value.
Results
Antimicrobial Activity of MGO
A preliminary assessment of the antimicrobial activity of MGO was made with conventional microbiological assays (M.I.C. and M.B.C. determination in liquid or solid medium). The analysis of Table 1 points out that MGO presents a good antimicrobial activity against bacterial strains examined, particularly against Gram+ microorganisms (S. aureus, Str. mutans), with M.I.C. values of 0.150 mg/mL, while slightly higher concentrations were required to inhibit Gram− bacteria (E. coli, Ps. aeruginosa). On the other hand, MGO was found to be rather less active against yeasts (M.I.C.s 0.63-1.25 mg/mL) and against filamentous fungi (7.5-10 mg/mL); these results are in agreement with the lower activity shown by manuka honey against fungi compared with its antibacterial activity [12] . (1) 1.25 mg/mL (0.125%) 5 mg/mL (0.5%) Candida spp. from pharyngeal swab (2) 1.25 mg/mL (0.125%) 5 mg/mL (0.5%) Candida spp. from vaginal swab (3) 1.25 mg/mL (0.125%) 5 mg/mL (0.5%) Rhodotorula mucilaginosa ATCC 66034 1.25 mg/mL (0.125%) 3.75 mg/mL (0.375%) Aspergillus brasiliensis ATCC 16404 10 mg/mL (1%) 10 mg/mL (1%) Geotrichum candidum ATCC 34614 7.5 mg/mL (0.75%) 7.5 mg/mL (0.75%)
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Killing Time Test
The results of this assay are summarized as shown in Figure 1 . MGO was tested at concentrations equal or greater than M.B.C. Time-kill curves show that MGO is able to reduce the viability of the microbial population very quickly in a dose-dependent manner (Figure 1 ). After 60 min of contact with MGO 2 mg/mL, the viable count of E. coli was virtually zero, while with MGO 1 mg/mL, it took 120 min to achieve the same result. After this time, MGO 0.310 mg/mL did not kill all the bacteria, but it reduced their number to a very large extent. S. aureus viable counts were reduced at a slower rate since MGO 1 mg/mL required 120 min to kill the standard inoculum; moreover, after 120 min, MGO 0.310 mg/mL reduced bacterial viability by over 70%. In the same test, after a 120 min contact with MGO at 1.25 and 5 mg/mL, only 19% and 9% of C. albicans survived, respectively; the rate of killing of yeasts was slower than that of bacteria, as indicated by the lower slope of the curves.
Candida spp. from vaginal swab (3) 1.25 mg/mL (0.125%) 5 mg/mL (0.5%) Rhodotorula mucilaginosa ATCC 66034 1.25 mg/mL (0.125%) 3.75 mg/mL (0.375%)
Aspergillus brasiliensis ATCC 16404 10 mg/mL (1%) 10 mg/mL (1%)
Geotrichum candidum ATCC 34614 7.5 mg/mL (0.75%) 7.5 mg/mL (0.75%)
The results of this assay are summarized as shown in Figure 1 . MGO was tested at concentrations equal or greater than M.B.C. Time-kill curves show that MGO is able to reduce the viability of the microbial population very quickly in a dose-dependent manner (Figure 1 ). After 60 minutes of contact with MGO 2 mg/mL, the viable count of E. coli was virtually zero, while with MGO 1 mg/mL, it took 120 minutes to achieve the same result. After this time, MGO 0.310 mg/mL did not kill all the bacteria, but it reduced their number to a very large extent. S. aureus viable counts were reduced at a slower rate since MGO 1 mg/mL required 120 minutes to kill the standard inoculum; moreover, after 120 minutes, MGO 0.310 mg/mL reduced bacterial viability by over 70%. In the same test, after a 120 minutes contact with MGO at 1.25 and 5 mg/mL, only 19% and 9% of C. albicans survived, respectively; the rate of killing of yeasts was slower than that of bacteria, as indicated by the lower slope of the curves. 
Challenge Test
Results obtained in the challenge test showed that, as expected, control creams (without any preservative) did not meet the European Pharmacopoeia microbiological standards (data not shown). The addition of 1 mg/mL of MGO to the cosmetic emulsion allowed effective control of the bacterial strains tested (E. coli, S. aureus) (Figure 2 ). In fact, MGO led to the total eradication of 
Results obtained in the challenge test showed that, as expected, control creams (without any preservative) did not meet the European Pharmacopoeia microbiological standards (data not shown). The addition of 1 mg/mL of MGO to the cosmetic emulsion allowed effective control of the bacterial strains tested (E. coli, S. aureus) (Figure 2 ). In fact, MGO led to the total eradication of bacterial populations after 7 days of testing, meeting criterion A of European Pharmacopoeia referring to bacterial contamination of preparations for cutaneous application (this criterion is satisfied when the total number of microorganisms is reduced in 2 to 3 logarithmic units between the second and the seventh day, and an increase in the bacterial number does not occur to the end of the test, which is after 28 days) [23] . The same criterion referring to fungi is met when the log reduction of microorganisms after 14 days is of two units and no growth occurs at the end of the test; therefore, MGO at 2.5 mg/mL was also found to be effective against C. albicans (Figure 2 (Figure 2) . 
Interaction of MGO with Chitosan
When evaluated in the presence of sub-inhibitory concentrations of chitosan (1/4 and 1/2 of M.I.C. value), M.I.C. and M.B.C. of MGO were reduced in a concentration-dependent manner (Table  2) ; this effect was particularly evident for E. coli (M.B.C. of MGO was reduced by a factor of ten in the presence of a concentration of chitosan equal to 1/2 M.I.C.), while in the same condition, M.B.C. of Candida spp. strain 1 was reduced by four times. These results show that, in our experimental conditions, the combination of MGO and chitosan leads to their synergistic interaction, with an improvement in antimicrobial efficiency. 
Discussion
This preliminary work aimed to evaluate the antimicrobial activity of MGO and its preservative potential in a cosmetic formulation, with the objective to find out whether this compound can provide a viable alternative to the conventional preservatives currently used. Our results showed that MGO possesses a pronounced antibacterial activity with minor antifungal properties; its inhibitory effect occurs in rather short times, as demonstrated by the killing time test. In the 
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Discussion
This preliminary work aimed to evaluate the antimicrobial activity of MGO and its preservative potential in a cosmetic formulation, with the objective to find out whether this compound can provide a viable alternative to the conventional preservatives currently used. Our results showed that MGO possesses a pronounced antibacterial activity with minor antifungal properties; its inhibitory effect occurs in rather short times, as demonstrated by the killing time test. In the preliminary challenge tests carried out, MGO, at the concentrations used, conformed to the criteria of the European Pharmacopoeia against the microorganisms tested; therefore, MGO appears to be eligible for a future possible use as an alternative cosmetic preservative. In view of this, further investigations are mandatory. The first issue to be addressed concerns safety. MGO is a molecule produced endogenously in the body in several metabolic pathways (primarily through anaerobic glycolysis) [24] ; it is also found in food products of both animal and plant origin, with particularly high levels reported in Manuka honey and other honeys, brewed coffee, soya sauce, toast, and soft drinks [25] . MGO is of low acute toxicity; there is in vitro evidence that MGO is genotoxic, but the in vivo relevance is unclear [25] , and the International Agency for Research on Cancer (IARC) has determined MGO to be not classifiable as a carcinogen [26] . Moreover, manuka honey, containing exceptionally high levels of MGO, has a long history of safe use also in wound management; taken together, literature data suggest that MGO can be considered safe, even if further toxicological investigations into its topical application will be indispensable. From a technological point of view, MGO presents some advantages. It is characterised by an interesting antibacterial activity, and it significantly reduces the microbial population in the challenge test in compliance with the criteria of European Pharmacopoeia. It is also inexpensive and is characterised by high water solubility, being therefore able to protect the aqueous phase of emulsions from microbial contamination. Moreover, the association with sub-inhibitory concentrations of chitosan increases the synergistically antimicrobial efficacy of MGO. This is of great interest because chitosan is a biopolymer widely employed in cosmetics and personal care products for its many and specific properties, such as antimicrobial, film-forming, antioxidant, moisturizing, and conditioning [27] , and its combination with MGO could lead to an efficient preservative system of natural origin. On the other hand, specific investigations would be required to verify the compatibility of MGO with other ingredients of formulations and with packaging materials in order to assess MGO stability over time and to determine appropriate storage conditions.
To conclude, to the best of our knowledge, this study was the first attempt to apply MGO as a preservative of natural origin in cosmetics. The results obtained are promising, but further studies are obviously needed to confirm the preservative activity of MGO in different cosmetic formulations, as well as its safety.
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